White light emitting devices were fabricated using blue emitting organic light emitting diodes (OLEDs) and down-conversion phosphor mixtures. Three different thicknesses of yellow and mixtures of yellow and red luminescent phosphor films were prepared on separate glass slides using a silicone matrix. The down-conversion films were optimized by varying the thickness and phosphor to silicone weight ratio. The phosphor films with different thickness were coupled to an optimized blue emitting OLED with a refractive index matching gel. Optimized down-conversion phosphor layers integrated with blue OLEDs exhibited 2× enhancement of efficiency (lumens per electrical Watt) for white to that of the blue OLED. The International Commission of Illumination color coordinates and average color rendering index for this device were (0.43, 0.46) and >80, respectively. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
The light-emitting diode (LED), an emerging and energy efficient lighting technology, is expected to significantly reduce global energy consumption and green-house emission. 1 By using white LEDs, the Department of Energy recently has put forward a target to reduce the total household lighting energy usage by 50% by 2025. Currently, a tremendous amount of effort has been directed toward research on two types of white LEDs: 1. intrinsically generated white light from LEDs and 2. down-conversion of high energy light to white using a phosphor layer. The intrinsically generated white light from the LED is produced from a single or multi-emitting layered LED device, 2,3 whereas a down-converted white light is generated from the LED with single or multiple phosphor/s. An ultraviolet (380 to 400 nm) [4] [5] [6] [7] or a blue (440 to 480 nm) light [8] [9] [10] [11] is generally used for the down-conversion. For the blue light-based down-conversion studies, an organic LED (OLED) [12] [13] [14] or an inorganic LED (iLED) [15] [16] [17] [18] are used where a fraction of blue light is absorbed by the phosphor layer and re-emitted as lower energy photons. The combination of the blue and the lower energy photons produces white light. Use of the OLED blue devices is advantageous to develop large area white light emitting devices for use as general purpose lighting and backlights for liquid crystal display.
This research is focused on optimization of the down-conversion phosphor layer for efficient and high quality white light emission using the blue OLEDs. This includes characterization of phosphors, phosphor films, and film-incorporated devices to enhance the luminance efficacy and quality of white light. In this research, combinations of blue emitting OLEDs and yellow phosphor or mixture of yellow and red phosphors for the down-conversion studies were used. We optimized the film thickness and phosphor loading to increase out-coupling efficiency of white light. The optimized device showed a two times improvement in luminance efficacy for white light compared to blue luminance. A combination of yellow and red phosphor exhibited a high quality white light.
Experimental

Preparation of Phosphor Films on Glass
Yellow (OY) and red (MR) phosphors were acquired from two commercial vendors. The yellow emitting OY phosphor is a cerium doped yttrium gadolinium garnet-based phosphor, whereas the red emitting MR phosphor is based on europium doped nitrido silicate. For preparation of phosphor thin-films, a silicone gel (LS-3354, NuSil Technology) was used as a matrix. The silicone gel (viscosity: 5400 cP) was prepared by mixing two uncured parts of transparent gels at a weight ratio of 1:1. The refractive index of the film was found to be a slight function of wavelength (1.577 at 411 nm to 1.547 at 589 nm). To optimize the loading of phosphor in silicone, films were prepared by varying the weight of the phosphor(s) in 150 mg of silicone gel. The films were prepared with 20, 30, 40, or 50 mg of OY phosphor in silicone. Similarly, the OY and MR red phosphor mixture at a weight ratio of 2:1 in silicone was used to prepare yellow-red phosphor film samples. Our previous results 19 showed that the weight ratio of 2:1 for yellow to red phosphor yielded an average color rendering index (CRI) or Ra value of 90 when excited at 460 nm. The phosphor-silicone gel mixtures were manually doctor-bladed onto the glass substrates (25 mm × 25 mm) followed by curing the film at 70 • C for 1 h in an oven. The curing of the films also facilitates a large range of operating temperatures: −40 • C to 200 • C.
Characterization of Phosphor and Phosphor Films
For particle size and morphological analyses of the phosphor, a scanning electron microscope (SEM JEOL JSM 6400) was used with an accelerating voltage of 15 kV. The phosphor dispersed films were also characterized by the SEM. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were acquired using a JASCO spectrophotometer (FP6500). The spectrophotometer also has a 60 mm diameter integrating sphere and the combination was used to characterize optical properties of films, light sources, and white light. Transmission characteristics (400 to 700 nm) of films, International Commission of Illumination (CIE) color coordinates of sources, phosphors and white light, internal quantum yield (QY) of phosphors, and CRI values of white lights were evaluated or determined using the spectrophotometer. For the QY measurement of phosphor, a blank substrate (cured 150 mg silicone without phosphor) and a sample with 30 mg of OY or MR phosphor and 150 mg silicone were used. Thickness of the phosphor films was measured using a profilometer (Tencor P2 Long Scan) at four different spots on a diagonal scratch.
For the OLED characterization, the power was supplied by a Keithley power supply (2400 Sourcemeter). The OLED with or without phosphor film was placed flush with an aperture of the integrating sphere to collect the light [see Fig. 1(a) ]. The luminance values were acquired from the phosphor-loaded and the blank films at different operating powers. For downconversion studies, silicone gel-phosphor mixtures were directly deposited on the glass-side of the OLED followed by curing in the oven at 70 • C for 1 h. A schematic structure of a downconversion device is illustrated in Fig. 1(b) . The structure of the OLEDs is discussed in Sec. 3.4 in detail. 
Analysis and Optimization
Particle and Film Analysis
The SEM micrographs of as-received OY and MR phosphor particles are shown in Figs. 2(a) and 2(b), respectively. For the OY phosphor, the size distribution of individual particles ranges from 0.5 to 10 μm. The agglomerated size was found to be as high as 50 μm. For the MR phosphor, the particle size distribution is almost the same as with the OY phosphor. However, the largest agglomerated particle size is smaller (∼25 μm) than the OY phosphor. of the cross-section shows that the individual phosphor particles of ∼5 μm and agglomerated particles of >20 μm are well dispersed throughout the film. Approximately 60% of the particles are present in agglomeration. The thickness of the 30 mg phosphor in 150 mg silicone film was 230 μm. The average thickness measured by a profilometer showed a value of 220 μm. The thicknesses of several other films with weight of the phosphor from 20 to 50 mg in 150 mg of silicone were measured by the profilometer and the average thickness of the films was found to be in the range of 210 to 240 μm. The PL peaks of the OY and MR phosphors were centered at 558 and 610 nm, respectively. As mentioned earlier, the hosts of the OY and MR phosphors are oxide and nitride, respectively. Note that the PLE spectra of the MR phosphor is broader (400 to 575 nm) compared to that of the OY phosphor (400 to 525 nm). The difference of the PLE bands arises from two different hosts. Figure 3 shows that the PLE spectrum of the MR phosphor is broad compared to that of the OY phosphor, but also a significant part of the PL spectrum of the OY phosphor overlaps with the PLE peak of the MR phosphor. In other words, the absorption of the MR phosphor extends to longer wavelengths than the OY phosphor. The QY of the OY and MR films were found to be 89% and 84% at an excitation of 460 nm, respectively. The CIE coordinates were (0.45, 0.54) and (0.60, 0.39) for the OY and MR phosphors, respectively. 
Optical Properties
Transmission Study of Films
For transmittance measurements, samples were placed on an aperture of the integrating sphere to collect all of the transmitted light. Transmission data showed that silicone did not absorb light in the visible region. However, with an increased weight of the phosphor in the silicone matrix, the transmission gradually decreased. Figure 4 shows the percent transmission versus wavelength from the films with different weight of the OY phosphor in 150 mg of silicone. Approximately 60% to 65% and 65% to 70% transmission were observed from the samples containing 30 and 20 mg of phosphor in matrix, respectively. For 40 and 50 mg of phosphor film samples, the transmissions decrease to 55% 60%. The trough in the transmission between 400 and 525 nm in Fig. 4 is due to absorption of light by the phosphor. The transmission values were reduced between 525 and 700 nm probably due to optical scattering by the phosphor particles. Since 20 and 30 mg OY phosphor in silicone shows more than 60% transmission, these phosphor mixtures will be used for the down-conversion study.
Characteristics of OLED
Two types of blue emitting OLEDs were used in this study: noncavity (NC) and microcavity (MC). The NC device contained no dielectric mirrors 20 in between the indium doped tin oxide (ITO) and glass substrate [see Fig. 1(b) ], whereas the MC devices contained two (2QWS) or four layers of quarter wave stacks in between the ITO layer and glass. The structure of devices was ITO 50 nm//poly (3,4- 20 and 21 for a detailed device structure and the fabrication process of the OLEDs. In this discussion, we have used data from NC and 2QWS MC blue emitting devices. The OLED device with NC exhibited a nearly Lambertian emission while 2QWS OLEDs have a more directional emission. We previously reported 22 that down-converted light from a highly directional blue emitting inorganic LED could yield a factor of 2 times enhancement in luminance efficacy.
The emission peaks from both NC and MC OLEDs were well within the broad peak of the PLE spectra of the phosphors (Fig. 3) , therefore the blue light from the OLED was Figure 5(b) shows the emission characteristics from the two types of OLEDs. The macrocavity structure shifts the broader electroluminescence emission of FIrPic-doped OLED to a narrow blue emission. As mentioned earlier the microcavity-based devices produce more directional emission compared to the noncavity devices. Therefore, down-conversion efficiency can be enhanced. Degradation of the OLED was studied over a range of current from 10 to 50 μA (size of active area of every device: 2 mm × 2 mm) for several consecutive runs as shown in Fig. 5(c) . No degradation of the OLED device occurred over 60 consecutive runs (∼1 min/run). However, a device operated at 1 mA degraded by ∼6% during every run. Baking of the OLED device at 70 • C for 1 h caused an improvement of luminescence properties. Figure 5(d) shows electroluminescent spectra from the 2QWS device before and after baking of the device. Baking of polymer LEDs or PLEDs is reported to reduce the amount of radical ions generated during interactions of polymers. These ions quenched the luminescence from the devices. 23 Heat treatment of a vapor deposited organic film at higher temperature caused a higher crystallinity and higher carrier mobility as compared to an as-deposited film. 24, 25 Data from this study suggest that better crystallinity improved the device performance.
Phosphor Optimization with OLEDs
Both MC and NC OLEDs were tested either bare or integrated with phosphor coated glass slides for down-conversion to white light. In down-conversion, yellow or yellow-red light from the phosphor(s) mixed with nonabsorbed blue light from the OLED to provide white light. The schematic in Fig. 1(a) illustrates the configuration of the OLED and integrating sphere for measurements of all the photons emitted at all angles. Since the 20 and 30 mg sample showed better transmission as compared to the 40 and 50 mg OY phosphor film (see Fig. 4 ), three phosphor films were prepared by mixing 20, 25, or 30 mg of the OY phosphor in 150 mg of silicone on three ∼20 μm thick glass slides.
After collecting five emission spectra from each bare blue OLED at currents from 50 μA, the same devices were combined with a phosphor layer and characterized for down-conversion of blue to white light. Each phosphor film was integrated with the NC or MC OLED using a glass index-matching-gel. Figures 6(a) and 6(b) show normalized emission spectra (∼465 nm) from bare and phosphor integrated NC OLED and MC OLED at a current of 50 μA. Figure 6 shows that the emission peak from phosphor increases with an increasing amount of phosphor in the film. Nonnormalized down-converted spectra showed that the blue emission decreased and emission from the phosphor increased with an increased amount of phosphor. Accordingly, the CIE coordinate shifts linearly from left to right in the CIE diagram with an increasing amount of the OY phosphor in the film: (0.231, 0.442), (0.244, 0.465), and (0.26, 0.485) for the 20, 25, and 30 mg phosphor integrated NC device, respectively. The CRI values were found to be less than 45 for all samples. For the phosphor integrated MC device, the CIE coordinates also followed the same trend as with NC devices. The CIE coordinates were (0.247, 0.445), (0.251, 0.45), and (0.274, 0.492) for 20, 25, and 30 mg of phosphor, respectively. The CRI value is in the range of 45 to 50. The white light from MC device exhibits better CRI values due to a larger FWHM of the emission peak compared to the NC device (see Fig. 6 ). Nevertheless, the 30 mg of phosphor in 150 mg of silicone exhibited a better quality of white light as compared to 20 and 25 mg phosphor films. Therefore, the calculated efficacy will be compared for the 30 mg phosphor layers. show the relative efficacies (lumens per OLED input Watt) versus driving current to OLEDs for blue and down-converted white light from noncavity and microcavity devices, respectively. The efficacy values were compared in between bare blue and down-conversion white using a photopic response curve. The absolute efficacy value of downconversion was calculated to be 32 lm/W, whereas the bare blue emission was found to be 38 lm/W at 100 cd/m 2 (Ref. 26) . Similarly, a relative efficacy, as shown in Fig. 7(a) , shows no improvement in down-converted white light from NC-OLED blue emission at different bias to the OLED devices. As reported above, the NC devices exhibit more Lambertian emission as compared to MC devices. We also reported above that directional blue emission enhances the luminance efficacy by more than a factor of 2 for yellow emitting phosphors. The data for MC devices show that the efficacy for the down-converted white light was 2 times higher than that of the blue light from a bare OLED device (∼30 lm/W at 100 cd/m 2 ) [ Fig. 7(b) ]. The CIE coordinate for the down-converted light was (0.302, 0.529). 
Down-Conversion Study
White Light Using Yellow Phosphors
White Light Using Yellow-Red Phosphor Mixture
Previously, we demonstrated that incorporation of a red-emitting second phosphor with the yellow phosphor in the down-converting layer improved both the average CRI value and CIE coordinates for an iLED source. 19 In this research, a mixture of the red and yellow phosphors in a silicone matrix was used to improve the quality of the down-converted white light from MC-OLED and NC-OLED devices. The OLEDs were operated at currents ranging from 10 to 50 μA. A phosphor down-conversion layer was prepared using 30 mg of phosphor (yellow and red with a weight ratio 2:1) mixed in 150 mg of silicone which was manually doctor-bladed directly onto the OLED device. Figures 8(a) and 8(b) show the down-converted white light spectra with different current values for NC and MC devices, respectively. The relative efficacy of white compared to blue light from the MC-OLED device was a factor of ∼1.5× enhancement, as shown in Fig. 8(c) . No efficacy improvement was observed for NC devices with a yellow and red mixture, consistent with the results from only the yellow phosphor device [ Fig. 7(a) ]. The down-converted light exhibited CIE coordinates of (0.377, 0.436) and (0.399, 0.473) for NCand MC-OLED devices, respectively. The CRI values were 82 and 76 for NC and MC OLED devices, respectively. Due to the broad blue emission from NC-OLED compared to MC-OLED devices, the CRI value is higher for the NC device. The CRI values for the 15 reference color standards (CRI1 to CRI15) from two different down-converted white lights using MC and NC are shown in Fig. 8(d) . It is observed that the CRI (also called R9) value for white light from the MC device is higher than that from the NC device. Note that although the CRI value is higher for the MC device, the relative luminance efficacy (lm/W) was not improved from NC devices. In order to study this further, we change the weight ratio in the mixture from 2:1 to 1:1 for yellow to red phosphors, while the CRI value was increased to 86 for the 1:1 ratio of yellow to red phosphor (results not shown here). There is no improvement in luminance efficacy.
Conclusions
Down-conversion of blue light from OLEDs to yield a high quality white light was demonstrated using yellow and mixtures of yellow and red emitting phosphors in a silicone host. OLEDs with and without a two quarter wave stack microcavity were tested. The weight of the phosphor in the silicone was varied to optimize the quality of light and luminance efficacy. An average CRI value of more than 80 was found for white light generated from an MC-OLED down-converted using a 2:1 red:yellow phosphor mixture (30 mg) in 150 mg silicone matrix. The luminance efficacy (lm/W) was increased by a factor of 2 for white versus blue light when an MC-OLED device was down-converted using a 30 mg/150 mg yellow phosphor/silicone layer.
